We report the novel tunability of the diameters and spacings of paired Ge double quantum dots (DQDs) using nano-spacer technology in combination with selective oxidation of Si 0.85 Ge 0.15 at high temperature. Pairs of spherical-shaped Ge QDs were formed by the selective oxidation of poly-SiGe spacer islands at each sidewall corner of the nano-patterned Si 3 n 4 /poly-Si ridges. The diameters of the Ge spherical QDs are essentially determined by geometrical conditions (height, width, and length) of the nano-patterned spacer islands of poly-SiGe, which are tunable by adjusting the process times of deposition and etch back for poly-SiGe spacer layers in combination with the exposure dose of electronbeam lithography. Most importantly, the separations between the Ge DQDs are controllable by adjusting the widths of the poly-Si/Si 3 n 4 ridges and the thermal oxidation times. Our self-organization and self-alignment approach achieved high symmetry within the Ge DQDs in terms of the individual QD diameters as well as the coupling barriers between the QDs and external electrodes in close proximity.
their width (W), height (H), and length (L), respectively. Thanks to the good conformity of low-pressure chemical vapor deposition (LPCVD) poly-SiGe spacer layers encapsulating the Si 3 N 4 /poly-Si nano-ridges as shown in the inset SEM micrograph of Fig. 1(b) , the thickness of poly-SiGe spacer layers (i.e., the width of the poly-SiGe spacer islands) is essentially determined by their deposition time. The height of the poly-SiGe spacer islands is easily tailored by controlling the process times for poly-SiGe etch back, whereas the exposure dose of the second electron-beam lithography step essentially defines the lengths of the poly-SiGe spacer islands. We have conducted extensive experimental works in terms of the process times of etch back as well as electron-beam lithographic patterning for the production of size-tunable SiGe spacer islands. For a given deposition thickness of 30 nm for the SiGe spacer layers encapsulating the 25 nm-thick Si 3 N 4 /40 nm-thick poly-Si ridges, we have varied the width and height (W/H) of the SiGe spacer layers from 30 nm/35 nm to 25 nm/20 nm. This was achieved by increasing the process time of etch-back (using SF 6 /C 4 F 8 plasma) from 7 to 10 seconds as shown in the cross-sectional SEM micrographs of Fig. 3(a-c) . For varying the length of the SiGe spacer islands, which is essentially defined by the 2 nd electron-beam lithographic patterning step across the poly-Si nanoridges, we have additionally attempted 40 nm-30 nm lengths by increasing the exposure dose of electrons from 4.8 × 10 −16 C to 6.0 × 10 −16 C (i.e., by increasing the beam exposure time from 4.8 μs to 6.0 μs for a given electron-beam current of 100 pA). These results are shown in the plan-view SEM micrographs of Fig. 3(d-f) . It is clearly seen from the plan-view SEM micrographs in Fig. 3(g,h) and in the cross-sectional TEM micrographs in Fig. 3 www.nature.com/scientificreports www.nature.com/scientificreports/ Controllability of inter-dot spacing. Based on our described fabrication approaches, several pairs of Ge DQDs were successfully, simultaneously produced at each sidewall corner of nano-patterned Si 3 N 4 /Si ridges. Figure 4 shows that following thermal oxidation at 900 °C for 10.5 min, the inter-dot spacing between double Ge QDs that are 12 nm in diameter was varied from 110 nm, 85 nm to 60 nm by decreasing the width of the lithographically-patterned poly-Si ridges from 75 nm, 50 nm to 25 nm, respectively. Further evidence for the tunablity of inter-dot spacing achieved by controlling the width of the nano-patterned Si 3 N 4 /poly-Si ridges is also shown for larger, 20 nm diameter Ge DQDs in Fig. 5 .
Another important finding of note from Figs 2-5 regards the penetration of Ge QDs into the Si 3 N 4 layer. Our previous papers have already reported that the depth of penetration of Ge QDs into Si 3 N 4 is enhanced by increasing the thermal oxidation time [15] [16] [17] . In this work, we also observed that by increasing the thermal oxidation time www.nature.com/scientificreports www.nature.com/scientificreports/ from 10.5 min, through 27 min to 40 min, the separation between the double QDs is reduced by approximately 40 nm due to the significantly enhanced penetration of Ge QDs within Si 3 N 4 . These results are shown in Fig. 6 for the cases of the 30 nm-wide and 60 nm-wide poly-Si ridges. As shown in Fig. 6(a,d) , 10.5 min of thermal oxidation at 900 °C produces a pair of Ge QDs that are located at each sidewall corner of the nano-patterned Si 3 N 4 / Si ridges. It is important to note that by increasing the duration of thermal oxidation at 900 °C to 27 min, the Ge DQDs have burrowed into the Si 3 N 4 spacer layers for a depth of penetration of ~12 nm as shown in Fig. 6(b,e) . Our experimental findings suggest that the spacing between the two Ge QDs is determined not only by the width of the nano-patterned Si 3 N 4 /poly-Si ridges, but also by the depth of penetration of the Ge QD into Si 3 N 4 (dependent on the process time for thermal oxidation).
Discussion
Detailed mechanisms for (1) the formation of spherical Ge QDs by thermal oxidation of poly-SiGe islands in close proximity to Si 3 N 4 layers and (2) the penetration of Ge QDs through Si 3 N 4 layers involve an exquisite, symbiotic interplay between Ge, Si, and O interstitials, have been described in detail in our previous publications [15] [16] [17] [18] [19] [20] . In brief, the formation of Ge QDs by the thermal oxidation of the poly-SiGe islands located at the sidewall corners of the Si 3 N 4 /poly-Si ridges involves the preferential oxidation of Si and the Ge enrichment of the as-yet-unoxidized poly-SiGe regions. Ultimately, Ge crystallite clusters are formed by the progressive concentration of the Ge content within the remaining (unoxidized) poly-SiGe grains until the Si content is completely oxidized. With further oxidation, the Ge crystallite clusters can be made to penetrate the Si 3 N 4 layers in close proximity due to Ge catalytically-enhancing the local decomposition and oxidation of Si 3 N 4 [15] [16] [17] . The migration of Ge QDs within Si 3 N 4 involves a novel SiO 2 formation-destruction mechanism [16] [17] [18] [19] [20] . Concurrent with the migration, the Ge crystallites grow in size by Ostwald Ripening culminating in complete coalescence, and resulting in a single, spherical Ge QD being formed at each sidewall corner of the Si 3 N 4 /poly-Si ridge.
The first important feature of our paired DQDs is the high symmetry observed both in Ge QD size and shapes, which is dependent on the dimensions of the nano-patterned poly-SiGe spacer islands at each sidewall corner of the Si 3 N 4 /poly-Si ridges. This is because the Ge content coalescing to form each spherical Ge QD during the selective oxidation of the poly-SiGe islands is exactly the same. The diameter of each spherical Ge QD is essentially determined by the geometrical sizes (width/height/length) of the poly-SiGe spacer islands. The width and height of the poly-SiGe spacer islands are tailored by controlling the process times of deposition and etch back for poly-SiGe spacer layers, whereas the second e-beam lithography step essentially defines the length of the poly-SiGe spacer islands.
The second important feature is the control of the spacing between the DQDs. The spacing between DQDs is primarily determined by the width of the nano-patterned ridge, and is also further reduced by the penetration of the Ge QDs within the Si 3 N 4 overlayer. The exquisite control of the inter-Ge QD spacing lies in not only the conformal deposition of poly-SiGe spacer layers encapsulating the Si 3 N 4 /Si nanoridges, but also the controllable migration of the Ge QDs towards local sources of Si interstitials (emitted by either the Si 3 N 4 or poly-Si layers) [16] [17] [18] . Increasing the process time of thermal oxidation not only facilitates Ge QD migration within the Si 3 N 4 layer thus reducing the spacing between DQDs, but it also improves the crystallinity of the Ge QDs as shown in Fig. 4(e,f) . The conformal spacer layers of Si 3 N 4 over the poly-Si ridges are deliberately designed to be the initial, local source of Si interstitials to direct the Ge QD migration towards, reducing the inter-QD spacing.
The third important feature is that the resulting oxide layers, formed by the thermal oxidation of the poly-SiGe spacer islands, encapsulate the Ge QDs and serve as inherent tunneling barriers between the Ge QDs and external silicide electrodes in a self-organized manner. Once again, thanks to the processes of conformal spacer deposition, direct etch-back and thermal oxidation, symmetrical tunneling barriers between the DQDs and external electrodes could be simultaneously generated by our proposed fabrication processes. That is, following direct www.nature.com/scientificreports www.nature.com/scientificreports/ etch-back of the top oxide layers in order to expose the Si surface surrounding the DQDs and nanopatterned ridges ( Fig. 1(f) ), external electrodes could be subsequently formed by self-aligned refractory metal silicidation (also called salicidation) process (Fig. 1(g) ).
Based on our proposed approach, the tunability of the QD diameter and inter-dot spacing is achieved by a highly-controllable combination of nano-spacer fabrication, lithographic-patterning, and thermal oxidation of SiGe spacer islands. This combination, which includes the deposition and etch back of poly-SiGe spacer layers, lithographic patterning of SiGe spacer islands and Si ridges, and the thermal oxidation of SiGe spacer islands, employs standard fabrication processes in existing CMOS technology and therefore, by definition, is suitable for large-scale manufacturing. The uniformity of the resulting, fabricated Ge DQDs has been examined extensively using TEM/SEM observations. For further clarity, three TEM micrographs (Fig. 7) were included for each structure in order to demonstrate the high degree of symmetry, uniformity and reproducibility of our fabricated Ge DQDs under different combinations of process conditions. Using our controllable spacer and selective oxidation of poly-SiGe approach, a pair of symmetrical Ge DQDs with diameters as small as 12 nm and inter-dot spacing as close as 13 nm have been achieved (Fig. 8) . Maurand et al. have reported the first Si-QD spin qubits implemented on a foundry-compatible Si CMOS platform using a 28 nm technology node with 64 nm pitch 11 . These reported Si-QD qubit devices, consisting of a two-gate pMOSFET (channel length of ~30 nm and inter-gate spacing of ~35 nm) within which, one gate defines a 30 nm-QD encoding a hole spin qubit and the other gate defines another 30 nm-QD for the qubit read-out. The authors demonstrated hole spin-qubit functionality with high fidelity at T = 10 mK. Our previous reports on the experimental fabrication of Ge-QD (with diameter of ~11 nm) single-hole transistors (SHTs) have already demonstrated clear Coulomb-blockade oscillatory current with peak-to-valley ratios (PVCR) > 100 and superior Coulomb stability at temperature as high as T = 77-140 K 21, 22 . From the Coulomb-stability diagram, the extracted single-hole addition energy of 10-13 meV is a testament to the well-separated, discrete energy levels due to the strong quantum confinement effects for our 11 nm Ge QDs. By further downscaling the Ge QD sizes to 6 nm, we have demonstrated room-temperature operation of Ge-QD SHTs exhibiting clear Coulomb-blockade oscillatory current spectra with PVCR as high as 750 23 . Based on our previous accomplishments on Ge-QD SHTs, we believe that the operating temperature of qubits based on our Ge DQDs could be significantly increased to >100 K or even room temperature. 
conclusions
We experimentally demonstrated the feasibility of paired, spherical-shaped Ge DQDs embedded within SiO 2 / Si 3 N 4 matrices with tunable QD sizes and controllable inter-QD spacings using a CMOS nano-spacer fabrication technique in combination with selective oxidation of SiGe. The diameter of individual Ge QDs is essentially determined by the geometry (thickness, length, and width) of the poly-Si 0.85 Ge 0.15 spacer islands prior to thermal oxidation. These dimensions are easily controlled by adjusting the process times of poly-SiGe layers deposition and their etch back. The inter-QD spacing is tunable by controlling both the width of the lithographically-patterned ridge as well as the thermal oxidation time. Using our experimental approach, we have achieved high symmetry for our Ge DQDs in terms of both the geometrical sizes and shapes of Ge QDs as well as the coupling barriers between the QDs and external electrodes. We envisage further scientific exploration of our Ge DQDs toward the ultimate goal of demonstrating advanced Ge-based QD qubit devices for practical applications.
Methods

Formation of self-organized, double Ge spherical quantum dots. The fabrication of paired Ge
DQDs embedded within host matrices of SiO 2 /Si 3 N 4 was initiated with the sequential deposition of bi-layers of 10 nm-thick SiO 2 and 40 nm-thick poly-Si over Si substrates using low-pressure chemical vapor deposition (LPCVD). Poly-Si ridges of 25-75 nm in width were subsequently fabricated using a combination of electron-beam lithography and SF 6 /C 4 F 8 plasma etching ( Fig. 1(a) ). Next, bi-layers of 25 nm-thick Si 3 N 4 and 30 nm-thick poly-Si 0.85 Ge 0.15 were sequentially deposited using LPCVD (Fig. 1(b) ) in order to have conformal encapsulation over the poly-Si ridges. Following a direct etch-back process using SF 6 /C 4 F 8 plasma (Fig. 1(c) Fig. 1(d) ). Finally, thermal oxidation at 900 °C for 10-27 min in an H 2 O ambient was performed to convert these poly-Si 0.85 Ge 0.15 spacer islands to two spherical Ge QDs (Fig. 1(e) ) at each sidewall corner of the ridges.
Structural/chemical composition characterization. Structural properties and chemical composition
of Ge DQDs embedded with SiO 2 /Si 3 N 4 were assessed using cross-sectional high-resolution scanning transmission electron microscopy (STEM) and energy dispersive x-ray spectroscopy (EDX). The thickness of the TEM/ EDX specimens were thinned to 60 nm by low-energy ion milling using focus ion beam (FIB). The Osiris & Talos TEM system operates at 200 kV and is equipped with a high-angle annular dark field (HAADF) detector. For EDX mapping, the camera length was 122 mm, and it took 20 min. to complete one mapping image. 
